We have studied the BiCu 2 /Cu(111) surface alloy using low-temperature scanning tunneling microscopy and spectroscopy. We observed standing waves caused by scattering off defects and step edges. Different from previous studies on similar Rashba-type surfaces, we identified multiple scattering vectors that originate from various intraband as well as interband scattering processes. 
identifying the Rashba-type spin-splitting from quasiparticle interference (QPI) patterns measured by STS remains elusive. The reason for this is the defined spin-polarization for each singly degenerate state resulting in forbidden backscattering. As a consequence, the Rashba signature is suppressed in QPI patterns of isotropic band structures, making the pattern look like it originates from a spin-degenerate state [5] . In highly anisotropic surface states, e.g. Bi(110) [13] or Bi 1−x Sb x (111) [14] , the "spin-selection rule" strongly reduces the set of possible momentum transfers, so that the presence of a Rashba-type spin-splitting can be observed qualitatively. QPI patterns from multiple scattering events can also give a qualitative difference between spin-split states and spin-degenerate states [15] . However, a quantitative statement about the strength of the spin-splitting from the analysis of QPI patterns has not been reported so far.
Here, we show that it is possible to extract the Rashba parameter from interband scattering events in QPI patterns using scanning tunneling microscopy (STM) and STS. For this proof of principle, we choose the well-known system BiCu 2 /Cu(111). Differential conductance maps at different energies reveal standing-wave patterns due to scattering at defects and step edges. A careful Fourier-transform (FT) analysis reveals several scattering vectors, which can be related to intraband transitions within the first sp z -type surface state, intraband transitions within the second (p xy ) surface state, and interband transitions between the first and second surface state. A detailed data set at several energies is used to recover the dispersion relations of both surface states, including the Rashba-type spin-splitting.
The experiments were performed in ultrahigh vacuum (UHV) using a commercial lowtemperature STM (Createc LT-STM) operated at T = 6 K. A Cu(111) single-crystal substrate was first cleaned by standard sputter-annealing procedures. The BiCu 2 surface alloy was then grown by evaporating one third of a monolayer of Bi onto the Cu substrate from a Knudsen cell. During and for 10 minutes after the deposition, the substrate was held [16] . Bi atoms appear as bright protrusions, while the surrounding Cu atoms cannot be resolved atomically [7, 12] . On the right-hand side, the overview image shows a trench. As can be seen in (c), this feature corresponds to an antiphase boundary of two superstructures on the left and right-hand sides, respectively.
In addition, point defects can be observed, which are at positions where a Bi atom should be located. We assume that they are sites where a Cu atom has not been replaced by a Bi atom within the surface layer. We have observed two types of point scatterers that appear slightly different in topography images at low bias (d and e). While the reason is unknown, both show qualitatively identical scattering behavior (cf. Fig. 2 ) and will therefore be treated as being the same. The average defect density is less than 1/1000 th monolayer (≈ 9 · 10 −5Å−2 ,
i.e., defect separation ≈ 120Å). As we will discuss later, this corresponds to a very good sample quality.
The topography image in Fig. 1a already shows standing waves on the surface: a planar wave front is scattered off the antiphase boundary, and the point defects are surrounded by circular waves. As is well-known, the energy-dependent wavelengths of these standing waves are directly connected to the dispersion relation of the surface bands [17, 18] . To enable a thorough analysis of the underlying scattering processes, we have used the FT-STS method at various energies [19] . Fig. 2 summarizes some of the acquired dI/dV maps and corresponding 2D-Fourier transformations [20] . Interestingly, the maps in Fig. 2 undoubtedly show that the standing-wave pattern is caused by more than one wavelength.
In the FT images, up to four features can be identified that are schematically depicted in A comparison of the distinct energy and angular dependence of the three scattering rings with band-structure calculations and ARPES measurements permits an unambiguous assignment of the features to specific scattering transitions in the band structure. The smallest (light blue) feature is isotropic and dominates the FT images up to 0.25 eV but suddenly vanishes for higher energies (Fig. 2i) . This is the expected behavior for scattering within the first sp z -type surface state [8, 9] . As schematically shown in Fig. 2j , this band is Rashba-split: for any E(k ) plane through the Γ point, two parabolas of opposite spin exist that are shifted away from the Γ-point by a wave-vector offset k 0 . During a scattering event, the spin is conserved [5, 13, 22] . Therefore, sp z -intraband scattering only occurs between the branches of the same spin, leading to only one possible scattering vector q 1 , as depicted in Fig. 2j . We note that previous studies tend to interpret the scattering vector q as identical to the wave vector k in the energy dispersion through the relation q/2 = k [17, 18, 22] .
This assignment is valid whenever a dispersion is symmetric around Γ [19, 23, 24] . For the Rashba-split parabolas, the scattering can only give information on the effective mass and maximum of the band, but information on the wave vector offset k 0 in k direction (i.e., the Rashba splitting) is lost [5] .
In order to identify the outer (orange) scattering ring, its distinct hexagonal anisotropy can be compared to ARPES and DFT results [8, 9] . A hexagonally shaped constant-energy surface is expected for the second surface band exhibiting p xy character. The wave vector k is larger along ΓM compared to the ΓK direction in accordance with our observed anisotropy.
Also, the projected bulk-band edge, which is folded back due to the surface reconstruction, exhibits a hexagonal shape close to Γ [8, 9, 11]. Here, however, the maximum wave vector is along ΓK. Hence, we can rule out transitions from or to bulk states. In fact, we find that the magnitude of the scattering vector is in very good agreement with the expected value for intraband scattering within the second surface state (q 2 in Fig. 2j ). This also explains, why we can observe this feature in dI/dV maps far beyond 0.25 eV (g-i). Within the energy range presented here, this band is spin-degenerate and symmetric around Γ. Thus, we can directly deduce the dispersion relation via k (p xy ) = q 2 /2.
The anisotropy of the middle (green) ring seen in the FT images is identical to the shape of the outer ring associated with q 2 . Further, as the feature vanishes above 0.25 eV, the transition likely also involves the sp z -band. Ruling out scattering channels that involve bulk states, the only possibility for this transition to occur is due to interband scattering between the p xy -and sp z -surface states. As the latter is Rashba-split, two different transitions can in principle be expected involving either the inner or the outer branch of the sp z -band. A comparison of the magnitude reveals that our feature corresponds to scattering from (or to) the inner branch (denoted q 12 in Fig. 2j) . Surprisingly, we have not found any indication for scattering between the the p xy -band and the outer sp z -branch (cf. discussion below). determine the band structure parameters from this data set, we assume a parabolic dispersion with a Rashba-type spin-splitting for the sp z -band as well as a spin-degenerate linear dispersion for the p xy -band. The linear dispersion is justified because in the relevant energy interval the band is located between the high-symmetry points in the vicinity of the inflection point, so that the band curvature can be neglected. Solving for the wave vector, the dispersion is k(E) = µ[2m
, where µ denotes the parabola branch and λ denotes the Rashba branch [8] [9] [10] [11] 25] . Here, m * is the effective mass and E 0 is the energy offset of the sp z -band. Combining the intraband transitions q 1 and q 2 with the interband transition q 12 , we can extract the wave vector offset determining the Rashba-type spin-splitting: k 0 = (q 1 + q 2 )/2 − q 12 . In order to decrease uncertainties of the fit procedure, we have simultaneously fit all three scattering vectors in both ΓM and ΓK directions (i.e., six data sets) using the same fit parameters (seven fit parameters: four describing the p xy -band in ΓM and ΓK as well as m * , E 0 , and k 0 ). The solid lines in Fig. 3a are the resulting fit curves. Overall, we find very good agreement between the raw data and the fit. Table I summarizes the corresponding fit parameters in comparison with literature compared to values reported in the literature. values. Using these values, we can plot the dispersion relations of the p xy -band as well as the Rashba-split sp z -band. The result is shown in Fig. 3b . The fit parameters and the extracted band dispersions agree well with other published data (see Table I ), despite the simplicity of the model used in this analysis. This demonstrates that we are able to fully recover the surface bands of this Rashba system, including the Rashba splitting k 0 , the Rashba parameter
We find a slightly higher band maximum E 0 compared to previous studies. This is also confirmed by local STS spectra in Fig. 3c , where the band maximum appears as an asymmetric sharp peak at about 250 meV due to a singularity in the density of states [12, 26] .
We note that on other samples with higher local defect concentrations, we found reduced values for E 0 . Moreover, confinement effects were evident on narrow terraces: as expected for a downward dispersing band, the peak in STS spectra was shifted to lower energies, roughly following an L −2 dependence (where L is the terrace width). As photoemission experiments probe large sample areas, we suggest that the previously reported smaller E 0 values may be a consequence of small terraces and/or reduced sample quality.
The magnitude of m * in our study is a bit smaller than reported before. However, our simple fit model merely considers a parabolic shape of the sp z -band. While this is a good assumption for energies above −0.2 eV, ARPES measurements found a significant deviation for the outer branches: due to strong hybridization with bulk states below −0.2 eV, the dispersion bends down and exhibits a much steeper slope [8, 9] . In our model we only use one average effective mass, therefore we expect it to be smaller.
In agreement with previous observations on Bi surfaces and alloys, we found that the spin is conserved during the scattering process [5, 13, 22] . As a result, we only observe scattering from the outer to the inner branch of the sp z -band and vice versa (q 1 ). The p xy -band is spindegenerate in the energy region considered here [9, 10, 25] . Therefore, we were able to observe intraband scattering (q 2 ) as well as interband scattering to the inner branch of the sp z -band (q 12 ). However, it is surprising at a first glance that we have not observed a scattering process involving the p xy -band and the outer branch of the sp z -band. While this transition is not forbidden per se, a bad wave-function overlap between initial and final state may lead to a vanishing scattering amplitude. Interestingly, ARPES and DFT results show that the inner and outer sp z -branches behave very differently [8, 9] : when crossing the bulk-band edge, the outer branch strongly hybridizes with the bulk states. This is obvious from the broadening, the loss of spectral density and the sudden deviation of the dispersion from the parabolic shape. On the other hand, the inner branch is barely influenced by bulk bands, as is the p xy -band, indicating weak hybridization for these states. While further investigations are required, preliminary model calculations support the possibility that a reduced orbital overlap between the outer sp z -branch and the p xy -band combined with a large magnitude of the scattering vector can lead to a significantly reduced scattering amplitude that can be hidden in the background noise of our FT-STS data [27] .
In conclusion, we have studied the QPI patterns in dI/dV maps of the 2D-band structure in the BiCu 2 /Cu(111) surface alloy using STS. While the scattering vectors from intraband scattering in the spin-split sp z -band do not carry any information about the Rashba-type spin-splitting, a combination of intraband and interband scattering vectors from the sp zband and the spin-degenerate p xy -band readily reveals the wave vector offset k 0 of the Rashba-type spin-splitting. Concerning topological insulators (TIs), the Rashba constant is ill-defined in these systems due to the different band topology. Nevertheless, our results
show that additional scattering channels relax the condition of "forbidden backscattering", which also applies for the TIs. This means that a TI can only feature forbidden backscattering if there is exactly one singly degenerate band crossing the Fermi level. Our results present a nice experimental proof of principle that the information about the Rashba-type spin-splitting is contained in QPI patterns and can be extracted when considering interband scattering. In this respect, the BiCu 2 /Cu(111) surface alloy as well as other similar surface alloys can be used as excellent model systems to study the effects of spin-dependent scattering from, e.g., magnetic or non-magnetic adsorbates, multiple scattering events as well as confinement effects from smaller terraces or islands. 
